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Abstract
The oxygen reduction reaction (ORR) activity for the N-doped graphene was investi-
gated using first-principles calculations within the density functional theory. Electro-
catalytic activities were evaluated on the basis of the free-energy differences between
reaction intermediates.
It has been shown that the graphene nanocluster (GNC) with a N atom around
the center of the cluster exhibits a high value of the maximum electrode potential
(UMax) comparable to platinum and the selectivity of reaction pathway, being a po-
tential electrocatalyst for next-generation fuel cells. It has also been revealed that
water molecules in the reaction field play the important role on the reaction selectiv-
ity. On the other hand, the graphene nanoribbon (GNR) with a N atom inside the
GNR exhibits a low UMax and no selectivity of reaction pathway. This means that a
high ORR activity of N-doped GNC (N-GNC) is derived not from an effect of edge,
but from a finite-size effect. The dependence of UMax on the size of a N-GNC was
estimated from the free energy of the reaction intermediates. The volcano-shaped
UMax trend was predicted as a function of the cluster size. As a result, it has been
concluded that the C215H36N (UMax = 1.05 V) is the best size of N-GNCs for the
ORR activity. Furthermore, the activation energy for the adsorption of the oxygen
molecule was the highest in all reaction steps. Thus, the oxygen adsorption step is
the rate-determining process for ORR. The current density per one reaction site was
estimated as 10−41-10−43 A/cm2 from the activation energy.
Finally, the molecular design for the novel molecular catalyst (Fe phthalocyanine
and its derivatives) was demonstrated.
In conclusion, we identified the best doping site and cluster size of the N-GNC and
proposed the new derivative of the Fe phthalocyanine molecule. Our findings offer
the guiding principles of the atomic-level design for carbon alloy catalyst with high
ORR activity.
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2.4.1 N-doped graphene
??? graphene ??????????graphene ????????????????
???????????graphene????????????????????????
?????? 2 ???????????? graphene ?????? N-doped graphene
??????????????? [53]????????????????????????
????????????????????????????????????????
?????? graphene??????????????????ORR????????
?????????ORR ????????????????????1 ?? graphene
????????????????????????? graphene??????????
????????
200 nm
? 2.4.1 N-graphene nano dot ? AFM
? [54]
? 2.4.2 N-graphene????? [10]
? 2.4.1??PECVD (plasma-enhanced chemical vapor deposition) ???????
N-doped graphene nano dot ? AFM (Atomic Force Microscope) ????????
???? graphene nanocluster ?????????? [54–61]???????????
? N-doped graphene ???????? [54]?Graphene ?????????????
?????”graphitic-N”?”pyridinic-N”?”pyrrolic-N”????? 3????????
????????? [10]?? 2.4.2 ??3 ???????? N-doped graphene ????
12
Graphitic N? pyridinic-N? sp2 ??????pyrrolic-N? sp3 ??????????
?????? graphene???????????Pyridine?????? Ni (111) ???
??????? N-doped graphene?? graphitic-N? pyridinic-N?????????
???????? [62]??????N-doped graphene?????ORR???????
?????????????????????????N-doped graphene??????
???? C–N???????????ORR??????????????????
???????? graphene??????????????????????????
???????????? [72–75]????????????????????????
??????????????????? 2.4.3 ??N-doped graphene nanoribbon ?
?????????????????????????? [75]????????????
??????????????????????? 1eV??????????????
??????????????????????????????
exothermic. Note that the magnitude of the change in DEf
for N is greater than that for B.
What has to be noted is that the increase in the formation
energy with the distance from the edge is not monotonic;
two independent curves arise for the odd- and
even-numbered sites. Such an odd-even trend in the
formation energy has also been reported in previous stud-
ies.39,41 However, the mechanism of the site-dependent sta-
bilization has not been clarified yet. It is important to note
that the bipartite lattice like graphene has two equivalent
sublattices. If the symmetry is broken by the introduction of
zigzag edges, the two sublattices, the odd- and even-
numbered sites, become non-equivalent to each other. Such a
sublattice-dependent stabilization mechanism is discussed in
Sec. III B.
B. Mechanism of the stabilization
In this section, we investigate the mechanism for doping
site-dependent stabilization. It is well-known that ZGNR has
localized states at the zigzag edges, and their electronic dis-
persion along the ribbon axis is partly flat at the Fermi
level.6,10 The existence of these edge states is also confirmed
by first-principles calculations.11 Figure 3 shows the band
structure and density of states (DOS) of pristine ZGNR as
well as the partial DOS for the outermost C atom. For ZGNR
with finite ribbon width, an antiferromagnetic coupling
between two edges leads to the band gap opening.7,12
Hereafter, we define the Fermi level as the center of the
valence band maximum and the conduction band minimum.
As shown in Figure 3, we can find two flatbands just below
and above the Fermi level; these are the so-called edge
states. Figure 3(d) shows a schematic energy diagram for the
edge state. For the occupied state, the b-spin (a-spin) state is
localized at the A (B) side of the edge, and vice versa for the
unoccupied state. Note that these edge states have significant
amplitude only at the odd-numbered sites.
Figures 4(a), 4(b), and 4(c) show the band structure, the
total DOS, and the partial DOS of the N atom at site 1 for
N-doped ZGNR, respectively. A noticeable difference from
FIG. 2. Formation energies for (a) the N-doped and (b) the B-doped ZGNR.
The dashed horizontal line indicates the formation energy of the N or B
atom in the 2D graphene. DE in the right y-axis indicates the difference in
formation energies between ZGNR and 2D graphene.
FIG. 3. Electronic structure of pristine ZGNR. (a) Band structure of ZGNR.
Red and blue lines indicate a- and b-spin states, respectively. (b) Total DOS
of ZGNR. (c) Partial DOS for the 2pz orbital of the outermost C atom (site
1). The dashed ellipse highlights the energy level for the edge state localized
at the A side for a-spin. (d) Schematic energy diagram of the edge state. The
probability density for each energy level is also shown. Red and blue colors
indicate a- and b-spin states, respectively.
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? 2.4.3 N-doped graphene nanoribbon???????????????? [75]
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2.4.2 N-doped graphene?? ORR
???N-doped graphene ? ORR ??????????????????????
??? [1–9]?? 2.4.4??N-doped graphene? LSV (linear sweep voltammetry) ??
? [3]??????????? graphene???ORR????????????????
???? ORR?????????????????????????? ORR????
?? N-doped graphene????????. [1, 2, 7–9,63–65]?
? 2.4.4 N-graphene? LSV [3]
ORR ?????C–N ????????????????????????????
???????????????????????N-doped graphene ?? ORR ??
???????????????????????????????????????
????????????pyridinic-N??? N-doped graphene??? ORR????
????????? [2–6, 64]?Wu ??? g-C3N4 ?? N-doped graphene ?????
pyridinic-N??????????????????????????? [4]?Zeng???
??????? pyridinic-N? graphitic-N????????????????????
??? ORR???????????? [6]?Pyridinic-N???????????ORR
?????????? O2 ???????????? ORR?????????????
?????? [5]????? Geng???graphitic-N? ORR????????????
????????????? [9]?
??????C–N?????? 1?????????? N-doped graphene??ORR
??????????????????????????????? N-doped graphene
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?? ORR???????????????? [13, 22,66–71]?
15
???????? graphene ?????????????????????????
????????????????? [72–75]????????????? ORR ??
???????????????? [13, 21, 65–67, 76–82]?Chai ??????????
ORR?????????????????? [67]????Wang??????????
????????????? ORR ????????????????? [68]????
????????? N-doped graphene nanoribbon??? ORR??????????
??????? [63, 81]???????????????????? ORR??????
????????????? [21, 66, 77–79]?? 2.4.5?? 2.4.6??N-doped graphene
nanoribbon [81]? N-doped graphene dot [66]?????? ORR?????????
?? 2????????????????????????????? ORR?????
???????????
O!2 þ 4Hþ þ 4e# ! 2O! þ 4Hþ þ 4e# ðR2Þ
2O! þ 4Hþ þ 4e# ! O! þ OH! þ 3Hþ þ 3e# ðR3Þ
O! þ OH! þ 3Hþ þ 3e# ! O! þH2OðaqÞ þ 2Hþ þ 2e# ðR4Þ
O! þ 2Hþ þ 2e# ! OH! þHþ þ e# ðR5Þ
OH! þHþ þ e# ! H2OðaqÞ ðR6Þ
The whole dissociation mechanism included O2 adsorption and
dissociation steps and four net CPET steps. The minimum energy
path of O2 dissociation was studied using LST/QST tools in DMol3
code, while the DG of every CPET step was calculated using the
CHE model. Fig. 3 shows the energy diagrams of ORR via the disso-
ciation mechanism on NG-doped zigzag GNRs. It was found that the
dissociation of O2 molecule into two separated O atoms required
an energy barrier of 0.16 eV, which was very easy to overcome at
room temperature. After O2 dissociation, the calculated DG values
for the four CPET steps were#1.92 and#0.74 eV for the two reduc-
tion steps of O atom to OH, and #0.73 and #0.47 eV for the two
steps of H2O formation steps at an electrode potential of U = 0 V.
When an ideal electrode potential of 1.23 V was applied, the
energy levels of four CPET steps were shifted up by 1.23 eV. At
U = 1.23 V, the DG values of four sequential CPET steps changed
to #0.69, 0.50, 0.49 and 0.76 eV, respectively. It becomes evident
that formation of the second H2O was the rate-determining step
in dissociation mechanism at high potential region. This suggested
that the formation of second H2O molecule represents the highest
resistance.
The association mechanism proceeded in a similar manner to
the dissociation mechanism, except for (R2) and (R3). In contrast
to the dissociation mechanism, O2 first reacted with proton and
electron to form OOH in association mechanism. The structure of
OOH on N-doped GNRs was checked carefully. It was observed that
OAO bond dissociated to form O and OH spontaneously, when H
was introduced to O2 (As shown in Fig. S2 in supporting informa-
tion). Thus, (R2) and (R3) could be substituted by the following
step:
O!2 þ 4Hþ þ 4e# ! O! þ OH! þ 3Hþ þ 3e# ðR7Þ
As shown in Fig. 4, the association mechanism showed a sub-
stantially different energy diagram for ORR on NG-doped zigzag
GNRs in association mechanism. At electrode potential U = 0 V,
the calculated DG values of five elemental steps were #0.88 eV
for O2 adsorption, #1.92 eV for the reduction of O2 to adsorbed O
and OH, #0.98 eV for the formation of first H2O molecule,
Fig. 2. Preferred adsorption structures of (a) O2, (b) O, (c) OH, and (d) H2O on NG-doped zigzag GNRs. (e) Partial density of states (PDOS) for O2 adsorbed on NG-doped zigzag
GNRs.
Table 1
Adsorption energies (Ead) of ORR intermediates on N-doped GNRs. All results are in
unit of eV.
Ead O2 OOH O OH H2O
NG-doped zigzag GNRs 1.09 1.27 4.45 2.69 0.07
NP-doped zigzag GNRs #0.03 – – – –
NG-doped armchair GNRs #0.11 – – – –
NP-doped armchair GNRs #0.33 – – – –
Fig. 3. Free energy diagram of ORR on NG-doped zigzag GNRs through O2 dissociation mechanism with structures of selected intermediates.
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? 2.4.7 ??N-doped graphene nanoribbon ??????? (Oxygen evolution re-
action: OER) ??? ORR ??????????????????????????
? [78]?Li???????????????????????????? OER? ORR
??????????????????????????????????????
oxidation just above the equilibrium potential, but requires all the
four charge transfer steps to have reaction free energies of the same
magnitude at zero potential (i.e., 4.92 eV/4 = 1.23 eV). This is equiv-
alent to all the reaction free energies being zero at the equilibrium
potential, 1.23 V. Since there is a scaling relation between OH!
and OOH!, this set a constraint on DG2 and DG3, i.e., DG2 + DG3 =
DGOOH* " DGOH* = 3.177 eV, resulting a lower limit of OER
overpotential. When DG2 = DG3 = (GOOH* " GOH*)/2 = 1.589 eV, the
OER overpotential has the minimum value,
gOERlimit ¼ 1:589—1:23 ¼ 0:359 V. For ORR, there is also a lower limit
of the overpotential. The overall free energy of reaction (2)–(5) is
4.92 eV, leading to DG1 + DG2 + DG3 + DG4 = 4.92 eV. Since DG2 + -
DG3 = constant, we derived that DG1 + DG4 = constant. When
DG1 = DG4 = 0.871 eV, the ORR overpotential has its minimum
value, gOERlimit ¼ 1:23—0:871 ¼ 0:359 V.
To derive the minimum overpotential in N-doped graphene sys-
tems, we calculated the overpotenials for different reaction sites on
different structures employing a descriptor DG0O! " DG0HO! : Fig. 4(a)
shows the volcano plot, i.e., overpotential gOER versus the descrip-
tor for various reaction sites on armchair and zigzag graphene
structures. From this theoretical analysis, Model A2–3 is identified
to have a minimum OER overpotential (gOERmin ¼ 0:405 V). For the
ORR activity, previous results showed that the pathway (6), (7a),
(8a), and (9) had close reaction enthypl distribution for each steps
[17], which would result in small overall ORR overpotentail. Using
similar methods described above, we calculated the overpotenials
of this ORR pathway gORR for various reaction sites on armchair/
zigzag graphene structures. A volcano plot was made using the
descriptor DG0OH! . As shown in Fig. 4(b), among the structures stud-
ied, Model A2–1 has the lowest ORR overpotential, which was esti-
mated to be 0.445 V. These values of the overpotential for ORR and
OER are comparable to those of Pt containing catalysts ($0.4 V for
OER on PtO2-rutile and $0.45 V for ORR on Pt [34]), indicating that
N-doped graphene as bifunctional catalysts may have as good per-
formance as its counterparts. To determine at what condition the
OER or ORR can spontaneously occur, we calculated the free energy
under different electrode potentials U. Fig. 5 shows the diagrams of
OER substeps on reaction site A2–3 and ORR substeps on reaction
site A2–1. For sites on A2–3, the OER is uphill when the electrode
potential is 0 V. At U = 1.23 V, an ideal water splitting potential, the
transformation of OOH! to O2 becomes downhill, but the reactions
(2)–(4) are still uphill. Only when the potential increases to 1.635 V
(i.e., 0.405 V in overpotentail), can all the elementary reaction steps
become downhill. So, 1.635–1.23 = 0.405 V is the overpotentail for
this reaction site, and the transformation of O! to OOH! is the rate
determination step. Since the OER overpotential is reduced by
nitrogen doping, the above OER is facilitated overall by the N-
doped graphene.
For ORR on A2–1, when the electrode potential is 0 V, the ORR
substeps (6), (7a), (8a), and (9) are all downhill, corresponding to
a short circuit condition of fuel cells. As the electrode potential
increased to 1.23 V, the reaction steps (7a), (8a), and (9) are all
uphill, corresponding to an open circuit condition of fuel cells.
Since the reaction (6), adsorption of O2 as OOH! becomes uphill
while other subreactions still keep downhill at U = 0.785 V, the
adsorption of O2 as OOH! must be the rate determination step in
ORR. Thus, the minimum ORR overpotential is 1.23–
0.785 = 0.445 V.
The most active sites identified above are attributed to the
redistribution of surface charge induced by the incorporation of
nitrogen atoms into carbon lattice. As shown in Fig. 6, some carbon
atoms become positively charged while others are negative after a
nitrogen atom is doped on the graphene. Those carbon atoms with
positive effective charge will facilitate the adsorption of some spe-
cies with negative charges [17]. However, if the adsorption free
energy of O! is too high due to high positive charge or edge effect,
(a) (b)
Fig. 3. (a) Adsorption energies of OOH! versus adsorption energies of OH! and (b) adsorption energies of OH! versus adsorption energies of O! on different sites of armchair
and zigzag graphene nanoribbons.
(a) (b)
Fig. 4. Volcano plots for (a) OER and (b) ORR on different sites of armchair and zigzag graphene nanoribbons.
M. Li et al. / Journal of Catalysis 314 (2014) 66–72 69
? 2.4.7 N-graphene nanoribbon? OER??? ORR??????? [78]
? 2.4.8??????????? pyridinic?graphitic?pyrrolic-N??? C–N???
? ORR?????????? [79]?Saidi??? ?????????????????
???pyridinic-N? graphitic-N?????????????????????????
Pyridinic-N????????? ORR???????graphitic-N? pyridinic-N???
?? ORR???????????????
Oxygen Reduction Electrocatalysis Using N‑Dope Grap ene
Quantum-Dots
Wissam A. Saidi*
Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania, 15261, United States
*S Supporting Information
ABSTRACT: First-principles investigations of the electro-
catalytic activity toward the four-electron oxygen reduction-
reaction in N-doped graphene quantum dots reveal that
pyridinic and graphitic nitrogen are the most active sites with
overpotentials of 0.55 and 0.79−0.90 V, respectively. This
agrees with experimental findings. Our calculations account for
van der Waals interactions, solvent effects, and describe the
electrochemistry using standard hydrogen electrode model.
The results show correlations between OH*, OOH*, and O*
binding energies that impose a lower limit on the oxygen
reduction overpotential.
SECTION: Energy Conversion and Storage; Energy and Charge Transport
The oxygen reduction reaction (ORR) and its reversereaction, oxygen evolution reaction (OER), are among the
most studied electrochemical reactions for fundamental reasons
as prototypes of four electron transfer reactions, and for
technological relevance in renewable energy production.
Specifically, both ORR and OER are at the center of many
applications in electrochemical energy conversion processes
including polymer electrolyte membrane fuel cells (PEMFCs),
direct-solar and electrolytic water-splitting devices,1 and metal−
air batteries.2 However, a key element for the commercializa-
tion of these reactions is the need of an efficient and cost-
effective catalyst that solves their slow kinetics at the oxygen
electrodes, namely, the cathode in fuel cells and the anode in
electrolyzers. For example, Pt-based alloys are among the best
catalysts in PEMFCs despite the fact that the fuel cells have a
significant power loss due to a low operating voltage of 0.7 V as
measured with respect to standard hydrogen electrode (SHE);
this is only 57% of the available free energy.3,4 Additionally, and
more importantly, large amounts of the precious metal Pt are
needed to boost the cathode kinetics that are significantly
slower than the hydrogen evolution at the anode.
Currently, nanocarbon materials are heavily researched not
only as a support to efficiently disperse catalytic particles,5,6 but
also as novel and cheap catalytic materials.7,8 In particular, N-
doped carbon materials have attracted a lot of interest as a
potential metal-free catalysts for ORR.9−22 Matter et al. showed
ORR activity using N-doped carbon nanofiber, which was
particularly high in the presence of Fe.9,11 Gong et al.
demonstrated high ORR activity in N-doped carbon nanotubes
as well but without any metals.17 Several groups have reported
that N-doped graphene (N-GA) exhibited catalytic activity
toward ORR in both alkaline18,19 and acidic14,23,24 media. Also,
recently, N-doped graphene quantum-dots (N-GQD) showed
ORR activity with a greater potential than Pt-based PEMFCs,
but nevertheless led to currents comparable to that of Pt.25,26 In
these N-GQDs, and in contrast to nitrogen-doped nano-
carbons,27 the ORR activity did not show a positive correlation
with the nitrogen content.
The ORR mechanism in N-doped nanocarbons including the
active site is still a matter of debate despite prior studies.9−12
Experimentally, Matter et al. concluded that pyridinic nitrogen
is the only active site, while Subramanian reports that both
pyridinic and graphitic nitrogen can activate the ORR
process.9,14 On the basis of density functional theory (DFT)
investigations, Okamoto proposed that the complete four-
electron ORR activation can be achieved with an adequate
binding energy of the oxygen atom on multiple N-doped
graphitic sites.15 Ikeda et al. also concluded similarly that
graphitic nitrogen was the active site based on oxygen
adsorption barriers and energetics of the subsequent ORR
processes.12 Recently, Kim et al. proposed that the ORR
activation initiates at the outermost graphitic nitrogen site with
the first reduction step; however, the latter graphitic nitrogen
becomes pyridinic-like in the next reduction steps via the ring-
opening of a cyclic C−N bond.21
In this Letter, we investigate the ORR activity in N-GQDs
and the effect of the nitrogen doping-site chemistry on the
efficiency of the electrochemical reaction. The ORR can be
carried out incompletely using a two electron pathway that
reduces O2 to H2O2, or completely using a four-electron
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??????????????????????N-graphene ??????????
????ORR ????????????????????????????????
????????????????????? ORR ???????????????
graphene???????????????????????????????Solution
Plasma prosess [87]??????????????????????????????
???? 2.4.10 ??Solution Plasma ??????????????????????
???????????????????????? (solution plasma) ???????
???????????????????????????????????????
? [1, 88,89]?
(l ¼ 0.154 nm) operating at 40 kV and 40 mA (1.6 kW). Raman
spectra were recorded on a JASCO NRS-5100 spectrometer with a
laser-excitation wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a JEOL JPS-
9010MC spectrometer using monochromatic Mg Ka radiation
(1253.6 eV) as an X-ray source. The emission current and anode
voltage were operated at 25 mA and 10 kV, respectively. The
binding energy (BE) was calibrated based on the C 1s peak at
284.5 eV as reference.
2.4. Electrode preparation
The catalyst ink was prepared by ultrasonically dispersing 5 mg
of catalyst in a mixture of 480 mL ultrapure water, 480 mL ethanol,
and 40 mL of Nafion® DE 521 aqueous solution (5 mg mL"1). A
rotating-ring disk electrode (RRDE, ALS Co., Ltd.) was polished with
0.1 mmdiamond slurry, followed by 0.05 mmalumina suspension on
a polishing pad to obtain the mirror electrode surface. After that,
the RRDE was ultrasonically cleaned in ultrapure water for 5 min,
subsequently rinsed with ethanol and ultrapure water, and finally
dried using a N2 gunwith a gentle flow. The well-dispersed catalyst
ink (10 mL) was dropped onto a glassy carbon disk (disk diameter:
4 mm, Adisk ¼ 0.126 cm2) surrounded by a Pt ring (inner/outer-ring
diameter: 5.0/7.0 mm, Aring ¼ 0.188 cm2) with a Teflon separator.
The catalyst ink was well confined on the disk electrode area
without spreading to the ring electrode, which results in high ac-
curacy in measurement and calculation of current density. The
catalyst-modified electrode was then dried in air for 3 h at room
temperature prior to the electrochemical measurements, yielding a
uniformly smooth surface with a catalyst loading of 0.4 mgcat cm"2.
For comparison, a commercial 20% Pt/C catalyst was also prepared
as a benchmark using the same procedure with a catalyst loading of
40 mgPt cm"2.
2.5. Electrochemical measurements
The electrochemical measurements were carried out on an ALS-
CHI 832A electrochemical analyzer (CH Instruments Inc.) equipped
with an RRDE-3A rotating-ring disk electrode apparatus (ALS Co.,
Ltd.). A Pt coil (ALS Co., Ltd.) and Ag/AgCl electrode filled with
saturated KCl aqueous solution (ALS Co., Ltd.) were used as the
counter and reference electrodes, respectively. All electrochemical
measurements were tested in alkaline (0.1 M KOH) and acidic so-
lutions (0.5 M H2SO4) at room temperature. Prior to measurements,
the solutions were purged with high purity N2 or O2 gases at a
constant flow rate of 50mLmin"1 for at least 30min. N2 or O2 gases
were kept flowing over the electrolytes to maintain the saturation
of N2 or O2, respectively, during the measurements.
3. Results and discussion
3.1. Morphology
The morphology of the catalysts was first evaluated by FESEM. A
typical low-magnification FESEM image of NCNP-3 (Fig. 2a) shows
the aggregates/agglomerates of nano-sized particles with an
interconnected pore structure. Fig. 2b displays a high-
magnification FESEM image of NCNP-3. It is clear that primary
carbon particles are quasi-spherical with a diameter size of about
20e40 nm and aggregated to each other. A similar morphology and
particle size can also be observed for CNP, NCNP-1, and NCNP-2
(Fig. S4). More detailed information on the morphology and
microstructure was obtained by TEM. The particle size and shape of
NCNP-3 obtained from a TEM image (Fig. 2c) are consistent with
those obtained from the high-magnification FESEM image in
Fig. 2b. The corresponding SAED pattern (inset of Fig. 2c) presents a
bright center and broad ring-like pattern without any diffraction
spots, suggesting the predominance of disordered amorphous
phase. The high-resolution TEM image of NCNP-3 in Fig. 2d allows
visualization of roughly stacked graphene layers corresponding to
the (002) basal plane. The interlayer spacing between the (002)
planes is estimated to be about 0.3e0.4 nm. Notably, bent (002)
basal planes with a weak edge termination tend to be observed at
the external surface of carbon particles, while disordered amor-
phous structure exists in the inner region. This structural feature
can be explained by the fact that the structure order progressed
from the surface to the center during the formation and growth of
carbon particles in the plasma region where a high temperature
existed. After the formation and growth, the carbon particles were
then diffused into the liquid phase where low temperature existed.
Because of the large temperature gradient between the plasma and
liquid regions, the carbon particles were rapidly quenched, result-
ing in the freezing of disordered structure in the inner region.
3.2. Pore structure
The porous structure of the catalysts was characterized by N2
adsorption"desorption isotherms, which can provide information
on the specific surface area, pore volume, and pore-size distribu-
tion (Table 1). Fig. 3a and b displays the N2 adsorption"desorption
isotherms and corresponding pore size distributions of all cata-
lysts, respectively. As can be seen, all catalysts show a similar N2
adsorption"desorption isotherm with a type IV characteristic and
a type H3 hysteresis loop according to the International Union of
Pure and Applied Chemistry (IUPAC) classification [36]. The N2
adsorption isotherms can be divided into three adsorption pro-
cesses: (i) an increase in adsorption at initial relative pressures (P/
P0 < 0.05), indicating the presence of micropores, (ii) a gradual
slope of the wide plateau in the P/P0 range of 0.1e0.9, which is
Fig. 1. Schematic illustration showing the formation mechanism of nitrogen-doped
carbon nanoparticles (NCNPs) via a solution plasma process. (A colour version of this
figure can be viewed online.)
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2.5 ???
?????????????N-graphene??? ORR??????????????
?????N-graphene????????? ORR?????????????????
?????????????Pyridinic? graphitic??? C–N??????? ORR?
???????????????????????????????????????
???????? graphene??????????????????ORR??????
? graphene ?????????????????????????????????
?????????????????????????????????? [74, 75, 83]
? Solution Plasma prosess [87] ???????????????????????
N-graphene???????????????ORR????????????????
????????????????
???????? N-graphene??????? C–N???????????????
?????????????????????? ORR ??????????????
??????????????? N-graphene ??????????????????
??????????????????????? N-graphene?????ORR???
??????????????????????????????? ORR ?????
N-graphene??????????????????????????????????
???? ORR?????????????????????
??????????????????????????????? N-graphene ?
ORR ????????Solution plasma ?????????? graphene ??????
????????????? (???) ?????????N-graphene ???????
??ORR?????????? (?????????) ???????????? (??
?????) ?????????????????????? N-graphene??????
?????????????ORR??????????????????????ORR
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????????????????????????????????????????
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3.1 Computational Hydrogen Electrode (CHE) ???
2004?? Nørskov?????? CHE??? [69]??ORR???????????
????????????????Pt ?????????????????? CHE ?
???????????????????????????????????????
? [69]?CHE??????????? ORR???????????????????
??????????????????????????????ORR????????
????????? [22, 69, 70]?????????? pH = 0, T = 298 K, 1 bar???
?????????????????????Standard Hydrogen Electrode : SHE)?
?? 0 V???????????
(H+ + e−)⇀↽
1
2
H2 (0Vvs.SHE) (3.1.1)
??????????????????? 4????????
4(H+ + e−) + O2 ⇀↽ 2H2O (1.23Vvs.SHE) (3.1.2)
???2????????
2(H+ + e−) + O2 ⇀↽ H2O2 (0.68Vvs.SHE) (3.1.3)
??????
???????????? 4????????
4(H+ + e−) + O2 → 3(H+ + e−) + OOH∗
3(H+ + e−) + OOH∗ → H2O+ 2(H+ + e−) + O∗
H2O+ 2(H
+ + e−) + O∗ → H2O+ (H+ + e−) + OH∗
H2O+ (H
+ + e−) + OH∗ → 2H2O (3.1.4)
???2????????
2(H+ + e−) + O2 → (H+ + e−) + OOH∗
(H+ + e−) + OOH∗ → H2O2 (3.1.5)
?????????”*”????????????????????????
?????????∆G????????????
∆G = ∆G0 +∆GU +∆GpH +∆GW +∆Gfield (3.1.6)
????∆G0 ?????????????∆GU ????? U ????∆GpH ????
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pH????∆GW ??????????????∆Gfield ??????????????
????????
??????????? ∆G0 ?
∆G0 = ∆E +∆ZPE − T∆S (3.1.7)
?????∆E ??????????????????????????∆ZPE ???
????????∆S ?????????????
??????????????????????????????? ∆E ??? 4?
???????
∆EO2 = E(O2) + 2E(H2)− 2E(H2O) (3.1.8)
∆EOOH = E(OOH
∗)− E(∗) + 3
2
E(H2)− 2E(H2O) (3.1.9)
∆EO = E(O
∗)− E(∗) + E(H2)− E(H2O) (3.1.10)
∆EOH = E(OH
∗)− E(∗) + 1
2
E(H2)− E(H2O) (3.1.11)
?????2????????
∆EO2 = E(O2) + E(H2)− E(H2O2) (3.1.12)
∆EOOH = E(OOH
∗)− E(∗) + 1
2
E(H2)− E(H2O2) (3.1.13)
??????????E(∗)????????????????????????????
???????????????E(H2),E(H2O2)????? 1???????????
?????????????????? 4?????????????????????
??? ∆EO2 ?
∆EO2 = 4e× 1.23V = 4.92eV (3.1.14)
????????? (3.1.8) ???? (3.1.14) ?? 1 ??????????????
E(O2)?
E(O2) = ∆EO2 − 2E(H2) + 2E(H2O)
= 4.92− 2E(H2) + 2E(H2O) (3.1.15)
?????????2???????????????????????? ∆EO2 ?
∆EO2 = 2e× 0.68V = 1.36eV (3.1.16)
????????? (3.1.12) ???? (3.1.16) ?? 1 ???????????????
23
E(H2O2)?
E(H2O2) = E(O2) + E(H2)−∆EO2
= {4.92− 2E(H2) + 2E(H2O)}+ E(H2)− 1.36eV
= 3.56− E(H2) + 2E(H2O) (3.1.17)
??????????2?????∆EOOH ?
∆EOOH = E(OOH
∗)− E(∗) + 1
2
E(H2)− E(H2O2)
= E(OOH∗)− E(∗) + 1
2
E(H2)− {3.56− E(H2) + 2E(H2O)}
= EOOH∗)− E(∗) + 3
2
E(H2)− 2E(H2O)− 3.56eV (3.1.18)
??????????????? ∆E ??? 4????????
∆EO2 = 4.92eV
∆EOOH = E(OOH
∗)− E(∗) + 3
2
E(H2)− 2E(H2O)
∆EO = E(O
∗)− E(∗) + E(H2)− E(H2O)
∆EOH = E(OH
∗)− E(∗) + 1
2
E(H2)− E(H2O) (3.1.19)
2????????
∆EO2 = 1.36eV
∆EOOH = E(OOH
∗)− E(∗) + 3
2
E(H2)− 2E(H2O)− 3.56eV (3.1.20)
??????
??????? U ??? ∆GU ?
∆GU = −neU (3.1.21)
????????n????????????????e????????
??? pH??? ∆GpH ?
∆GpH = kBT ln aH+ (3.1.22)
????????kB ?????????T ????aH+ ??????????????
????pH = 0??????aH+ = 1??????
∆GpH = 0 (3.1.23)
????
24
???? (3.1.6)?? (3.1.7)?? (3.1.21)?? (3.1.23)????????????∆G
?
∆G = ∆E +∆ZPE − T∆S − neU +∆GW +∆Gfield (3.1.24)
????
????????????????????????? ∆G ???????????
?????? 3.1.1??? 4????? 2?????????????????????
???
? 3.1.1 ?????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
? 4????? 2????????????????????????????????
????????????????????
???????????????????????????????????????
?????????????????????????????????
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∆GW ??? 3.1.2?????????????????? 3.1.25???? [23]?
∆GW(OOH) = E(OOH
∗ +H2O)− E(OOH∗)− E(H2O)
∆GW(O) = E(O
∗ +H2O)− E(O∗)− E(H2O)
∆GW(OH) = E(OH
∗ +H2O)− E(OH∗)− E(H2O) (3.1.25)
? 3.1.2??????????????????????????????????
? 3.1.2 ??? +?????????? (??: ?????: ?????: ??)
???????????????????????????????????????
????????? (∆GW) ???????????
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3.2 ????????
??????????????????????????????? (Transition state:
TS) ????????????????? TS ??????????????????
??????????? TS ??????????????????????????
???????TS???????????????????????????????
???ORR?????????? A??????? B??????????? H+ ?
????????????????????????????????????????
????????? (?????????) ? OH?????????????????
?? A??????? B??????? OH∗ ? O∗ ????????????????
??????????OH∗+????? A??? O∗+????? B????????
?????????????????Quadratic synchronous transit (QST) ? [90] ?
??? TS??????
3.3 ????
??????????????????ORR???????? (i) ????????
???[69, 91]
i = 2e
Nsite
A
× k0 exp(−Ea
kBT
) (3.3.1)
? (3.3.1) ?????e??????Nsite ????????A?????k0 ? prefactor?
Ea ??????????kB ?????????T ???????A = 1cm2?T = 300K
???Ea ????????????????????k0 ???? [92]?????
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?4? N-doped graphene nanocluster
(N-GNC) ???? ORR
??????????????????? N-graphene???? 0?????????
?????? (N-GNC) ? ORR?????????????????????????
????????????ORR ???? N-GNC ?????????????????
???????????? ORR???????????????
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4.1 ??????????
1
7
6
5
4
33’
2’ 2
1’
g
f
d
c’
b’
a’(b)(a) a
e
c
b
e’
g’
c”
a”
H atom C atom
? 4.1.1 N-GNC ?????? (??: ?????: ??) (a) ??????? (1?
7)?(b) ????? (a?g’)
? 4.1.1??N-GNC?????????????? GNC?????? 1?????
?????????????????????????????? 1-7????????
?????????????????????????????????????? a-g’
??????????? “x”???????? “y”???????? “x–y”??????
O*
OH*
OOH*
? 4.1.2 N-GNC????????? (OOH, O, OH) ?????? (??: ????
?: ?????: ?????: ???*: ????)
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? 4.1.2??N-GNC?????????????????????????????
???????? (OOH, O, OH) ????????????????????????
????????ORR???????????????????
????DFT???Gaussian09 [93]?????????????? B3LYP [94,95]?
????? 6-31g (d, p) [96] ????????????????????????? <
0.0003 Ha/bohr?????
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4.2 ???????
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 0.4
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 1
1 1’ 2 2’ 3 3’ 4 5 6 7
 
Δ
E 
(eV
)
Doping site
? 4.2.1 N-GNC???????? (???? 1? N-GNC??????? = 0 eV)
????????? 1-7?????????? 1? N-GNC??????? (E1) ? 0
eV????????????? N-GNC??????? (En: n ?????) ????
?????N-GNC???????? (∆E = En − E1) ??????????????
4.2.1????????? 1?????? N-GNC?????????????????
????????????? 1? 1’???????????????????????
?????? [73–75]??????????????????????????????
????????????????????
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 μH (eV)
? 4.2.2 N-GNC???? N–H?????????? (?: pyridinic????: H????)
Zigzag graphene nanoribbon (GNR) ?????????????? pyrrole ???
???????????????????????????????????? [75]?
?????pyridine ?????????????????????????????
? pyridinic-N ????????N-GNC ???????????????????
?????????? chemical potential (µH) ? NH3 ????????????
? H2 ??????????????????N-GNC ???? N-H ??????
?? (∆EN−H = EN−GNC(H−terminated) − EN−GNC(pyridinic) − µH) ????????
??EN−GNC(H−terminated)?EN−GNC(pyridinic) ??????????????????
N-GNC ????????????????????????? pyridinic ? N-GNC
???????????? 4.2.2 ??N-GNC ???? N-H ????????????
??? 1 ???∆EN−H ? µH ??????????????pyridinic-N ?????
???????? 1’ ???∆EN−H ? µH ??????????????pyridinic-N?
H-terminated N????????????????????????GNR?????
? zigzag?????????????????????? (?????) ???????
???N-GNC?????????????????????????????????
??????????????????????? pyridinic-N???????????
?????
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4.3 ?????????????
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(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.13 V
Ueq = 0.68 V
(b)
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Reaction step
-1
 0
 1
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 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.68 V
Ueq = 1.23 V
(a)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
7-f (4e-)
7-f (2e-)
? 4.3.1 ??? 7-f?????????????? (U=0 V?????? ORR??
?????????? (UMax)?ORR????? (Ueq) ?????????????
??) (a) 4e− ?? (b) 2e− ??
? 4.3.1 ?????????? 7-f ?????????????? (a) 4e− ???(b)
2e− ?????????? O2 (??) ?????? H2O ??? H2O2 (??) ????
???????? (∆G) ??????????4e− ??? U=0 V??????????
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??????????? ∆G ??????????????????????????
????????????????????? 7-f?? ORR????????????
?????? (UMax) ? 0.68 V?????????????2e− ?????U=0 V??
??????????OOH∗ ?? H2O2 ???????? ∆G???????????
??????? UMax=-0.13 V????????????OOH∗ ????????H2O2
?????????????????????2e− ??????? 4e− ????? ORR
??????????? 7-f? 4e− ????????????????????????
??? 7-f????????????????????
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4.4 UMax ???????????
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(V
 vs
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SH
E)
Reaction site
Doping site
4e- pathway
2e- pathway
4e- (pyridinic)
2e- (pyridinic)
? 4.4.1 UMax ??????????????????? (??? 4e− ??????
? 2e− ??? UMax ??????????????? N ? pyridinic ? N-GNC ?
4e− ????? 2e− ??? UMax ???????? 4e− ??????? 2e− ???
??????????? 3??? N-GNC? UMax ????????)
??????????????????????4e− ??? 2e− ???? UMax (vs.
SHE) ?????? 4.4.1??N-GNC? ORR???? UMax ???????????
??????????????? 1-b?pyridinic 1-b ??? 2-a ??????????
??2e− ???? 4e− ????? UMax ?????????????????4e− ??
? UMax ? ≈0.7–0.8 V????????? (UMax = 0.9 V [97]) ??????????
??????????????? UMax ??????????????????????
???????? 3 ????? N-GNC ?????????? UMax ????????
?????????? 3??? N-GNC? UMax ???? (? 4.4.1?????????)
??4e− ??? 0.76 V?2e− ??? 0.01 V?????????????????????
2e− ???? UMax ??? 0 V????????2e− ???? ORR?????????
?????? N-GNC? 4e− ??????????????????????????
?????????????????UMax ????????????????????
? 1-a”???2e− ??????? 4e− ??? UMax ?????????????ORR?
OH∗ ??????????????????????????? 1-b? 1’-b???2e−
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??? UMax ????????????H2O2 ??????????????? N-GNC
???????????????????????????????????????
????????? N-GNC???????????????????????????
???????????????????????? N-GNC ???????????
????????????????? [89] ????????????????????
??????????????????????????
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OOH4e-O4e-OH4e-OOH2e-
? 4.4.2 ∆G??????????????????? (????????????
4e− ?????? OOH, O, OH???∆G???? 2e− ??? OOH???∆G?
??????????????? N? pyridinic? N-GNC? ∆G????????
???????????????? 3??? N-GNC?∆G????????)
UMax ???????? ∆G ?????????????????????????
??4e− ??? U = UMax ??????????OH∗ ?? H2O???????????
??????? 4.4.2??N-GNC? ORR???? ∆G??????????????
??????????????????????????????? ∆G ??????
??????????????????????????????∆G????????
???????????? UMax ???????????????? pyridinic-N???
(? 4.4.2?????????) ?????? graphitic-N?????∆G???????
?????????????????????????????? 1-a”?2-a’? 2’-a’?
? ∆GOH ?????????????? ORR? OH???????????????
????????????????????
36
4.5 ??????????????
???????????????????????????????????????
???????????????????????????? OOH? OH??????
???O?????????????????????????? [23]?????N-GNC
???OOH ? OH ?????????? O ???????????? 4.5.1 ????
?????????? (∆GW) ??????????????????∆GW(OOH)?
∆GW(OH) ????????????????????-0.5 eV?-0.4 eV???????
∆GW(O) ???????????????????????????? (≥site 4) ??
???????????????
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O
OH
? 4.5.1 ∆GW ??????????????????? (????????????
OOH, O, OH??????∆GW ???????????????? N? pyridinic
? N-GNC?∆GW ????)
? 4.5.2??∆GW ?????? UMax (Uw/oMax) ?????????????????
??????4e− ??? Uw/oMax ? ∆GW ?????????UMax (? 4.4.1) ?????
????????2e− ???? Uw/oMax ??????????4e− ??? 2e− ??????
????????????????????????????????????????
????????????????????????????????????????
???????????????????? [98]??????????????????
??????????????????????????? [25]???????????
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?????????ORR????????????????????????????
???????????N-GNC?????????????????????????
??????????????????????? ORR?????????N-GNC?
????????????????????????????????
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Reaction site
Doping site
4e- pathway
2e- pathway
4e- (pyridinic)
2e- (pyridinic)
? 4.5.2 Uw/oMax ??????????????????? (??? 4e− ??????
? 2e− ??? Uw/oMax ??????????????? N ? pyridinic ? N-GNC ?
4e− ????? 2e− ??? Uw/oMax ???????? 4e− ??????? 2e− ???
??????????? 3??? N-GNC? Uw/oMax ????????)
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4.6 ???
????????? N-GNC? ORR??????????????????????
???? N-GNC??? UMax ??? 4e− ????????????????????
????????????????????????????????????UMax ?
????????????????????????????????????????
???????????????????????????????????4e− ???
????????????????????????????????????????
???????? ORR ?????????????????? [25] ????????
???????????????????? N-GNC????????????????
???????????????
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?5? N-doped graphene nanoribbon
(N-GNR) ???? ORR
???????????? N-GNC ???? ORR ???????????????
????????????????????????????????????????
???????????????????????????????????????
N-graphene nanoribbon (N-GNR) ? ORR ???????????????????
???????????????????????????????????? ORR?
???????????????
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5.1 ??????????
1
2
1’
2’
4
5
6
3’
4’
5’
6’
3
a=17.1Å 13Å
(a)
12Åa=14.8 Å
(b)
1
2
4 5
63 7
8
? 5.1.1 N-GNR ?????? (??????????????????) (a) N-
ACGNR (???????????????? 17.1A˚??????????????
? 13A˚???????????????? 20A˚)?(b) N-ZZGNR (????????
???????? 14.8A˚??????????????? 12A˚??????????
?????? 20A˚)
Armchair????zigzag??????? 2??? N-GNR (N-AVGNR, N-ZZGNR)
? ORR?????????????? 5.1.1? N-GNR?????? ((a) N-ACGNR?
(b) N-ZZGNR) ????N-ACGNR ??? N-ZZGNR ??????????????
??????? 17.1A˚?14.8A˚ ????????????????? 12A˚ ?????
????????????? 20A˚ ???????????????????????
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????????????????????????????? DFT ??? Vienna
ab initio simulation package (VASP) [99, 100] ?????????????????
projector-augmented wave (PAW) [101, 102]????????? Perdew, Burke, and
Ernzerhof (PBE) [103] ??? generalized gradient approximation (GGA) ?????
?????????????cutoff energy? 600 eV?k-point???????????
?????????? 8? (1× 8× 1) ???????????????????????
?? <1.0× 10−2 eV/A˚?????????? (????? OOH, O, OH?????) ?
???????????????????
????????????????????N-ACGNR????? 3-4?N-ZZGNR?
???? 7-6????????? ∆GW ?????????????
N−ACGNR :∆GW(OOH) = −0.32eV
∆GW(O) = −0.40eV
∆GW(OH) = −0.27eV (5.1.1)
N− ZZGNR :∆GW(OOH) = −0.30eV
∆GW(O) = −0.40eV
∆GW(OH) = −0.26eV (5.1.2)
∆ZPE ??? T∆S ???????????????? [78]??????
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5.2 UMax ???????????
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SH
E)
U
M
ax
(a)
(b)
N-ZZGNR
N-ZZGNR
? 5.2.1 UMax ??????????????????? (??? 4e− ??????
? 2e− ??? UMax ????) (a) N-ACGNR?(b) N-ZZGNR
? 5.2.1??N-GNR? ORR???? UMax ??????????????????
?????N-ACGNR?????????????????? 4e− ??? 2e− ????
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???? UMax ?????????N-ZZGNR?????????? (X > 3) ????
? UMax ????????????????????????????????????
???????????????? (???????????) ???????????
UMax ??????????????????????? (???????????) ?
????? UMax ??????????????????Zigzag ??????????
?????????????zigzag??????????????? (????? [104])
??????????????????????????????
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5.3 ????????
(a)
(b)
? 5.3.1 ∆E ??????????????????? (????????????
? OOH, O, OH???∆E ????) (a) N-ACGNR?(b) N-ZZGNR
? 5.2.1??????????????????????????? N-ACGNR??
?? 1-1’, 2-1, 3-2?N-ZZGNR???? 2-1??????4e− ??? UMax ? 2e− ??
45
? UMax ??????????????????????2e− ??? UMax ??????
????? 2e− ???? ORR ??????4e−ORR ???????????????
4e− ?????????????????
? 5.3.1 ??N-GNR ? ORR ???? ∆E ?????????????????
??????4e− ??????????????N-ACGNR ???? 1-1’, 2-1, 3-2?
N-ZZGNR???? 2-1? ∆E ????????????????????????
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3-2 (4e-)
3-3’ (2e-)
3-2 (2e-)
? 5.3.2 N-ACGNR ? 4e− ??? 2e− ???????????????????
(U=0 V?????? ORR ???????????? (UMax)?ORR ?????
(Ueq) ???????????????) (a) ??? 3-3’ (?????)?(b) ??? 3-2
(?????)
? 5.3.2??????? N-ACGNR??????? 4e− ???????????? (a)
??? 3-3’????????? (b)??? 3-2???????????????????
??????????????? 3-3’???OOH∗ ??????????4e−?2e− ??
???? O2 ?? OOH∗ ????? ∆G? UMax ?????????????????
?????????????????????? UMax ???????????????
???????????? 3-2???4e− ??? UMax ? O2 ?? OOH∗ ???????
?????3-3’???? OOH∗ ???????? 2e− ???? OOH∗ ?? H2O2 ??
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????? ∆G? UMax ??????????4e− ??? 2e− ??? UMax ?????
????????? 4e− ????? UMax ??????????? 4e− ???????
????????
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5.4 OOH????????
? 5.4.1 OOH????? N-ACGNR???????
????????????????????????????????OOH∗ ???
??????????????? 5.4.1 ??OOH ????? N-ACGNR ??????
????????OOH???????????? GNR??????????????
????????? graphene? sp2 ??? sp3-like????????????????
????????????????N-ACGNR? OOH????????? sp3-like?
dangling??????????OOH????? N-ACGNR???????? dangling
?????????????? (Ed) ?????????
Ed = EDistortion − EPlane (5.4.1)
????EPlane ? OOH ???? N-ACGNR ????????EDistortion ? OOH ?
??????? OOH ?????? N-ACGNR (???????????????
N-ACGNR) ???????????
? 5.4.2??N-ACGNR????????? Ed ?????????????????
??????? 1-1’? 2-1? Ed ????????????????sp3-like?????
????????????????????????????????????????
????????????????????? 1-1’? 2-1???? sp2 ??? sp3-like?
????????????????OOH?????????????????????
????????????????????????????????????????
????????????
48
? 5.4.2 N-ACGNR????????? Ed
??? 3-2??????????????????????????????????
??????????? 5.4.2??????????????????????????
???? Ed ?????????????????????????? OOH?????
????????????????????
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5.5 ?????? pi*???????
(a)
E
n
e
rg
y
 (
e
V
)
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)
? 5.5.1 (a) pristine ACGNR?(b) N-ACGNR (N: site 3)?(c)??? 3-2 (OOH∗)
??????????? (??????? 0 eV)
? 5.5.1??(a) pristine ACGNR?(b) N-ACGNR (N: site 3)?(c)??? 3-2 (OOH∗)
??????????????????? [75, 105]????????????????
? pristine ACGNR????????? pi*????????????????????
??N-ACGNR? site 2? OOH???????pi*????????????????
?? pi*????????????????????? OOH????????????
?????????????????????????????????OOH? pi*??
????????????????????
? 5.5.2??N-ACGNR (N: site 3) ? pi*????????????????????
???? (site 3) ????????????????????? site 2 ? pi*????
??????????????????????? 3-2 ?? OOH ??????? (?
5.3.1(a))?4e− ?????????????????????
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3
3’
4
2
? 5.5.2 N-ACGNR (N: site 3) ? pi*???????????? (????????)
????? N-ACGNR????????????????????? OOH????
???????????????N-ZZGNR ???????????????????
????N-ZZGNR ???zigzag ????????????????????????
??????????????????? 5.2.1(b) ???????????N-ZZGNR
?????????????????????? UMax ??????????????
Zigzag ???????????????????????????????????
?????????? [75]????????????????????????????
????? (???????????) ??????????????????????
N-ZZGNR??????? O2 ??????????????????? [75]????
????????????????????????????????????????
?????????????????????????????????zigzag????
???????????????????????????? Ed ???????? (?
5.3.1(b)) ????????????? 2-1??????????? site1???????
?????????????N-ACGNR?????????????? site1? sp2 ??
51
sp3-like??????????????? 2????????????????????
??????4e− ?????????????????????
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5.6 Pyridinic-N? ORR
?????N-GNR? ORR????????????????? graphitic-N???
????????????????????????????????????????
?????????????????? pyridinic-N??????????N-GNR??
???????????????????????????????????N-H???
??????? (∆EN−H) ?????????
∆EN−H = EN,graphitic − (EN,pyridinic + µH), (5.6.1)
????EN,graphitic?EN,pyridinic????????????????????N-ACGNR
????????????? N-ACGNR ???????????µH ??????
chemical potential????
H-poor H-rich
? 5.6.1 N-ACGNR????????????????????? (∆µH = −0.35
eV? NH3 ?? H? chemical potential?????)
? 5.6.1??N-ACGNR????????????????????? (∆EN−H) ?
???µH ?????????? ∆EN−H ????????????? H-rich ????
???? graphitic-N?? pyridinic-N??????????????????????
????????????H+ ??????????????ORR?????????
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???????????????????????????N-ZZGNR???µH ???
?????????????? pyridinic-N ???????????????????
??[75]
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pyri1-1’ (4e-)
pyri1-2 (4e-)
pyri1-1’ (2e-)
pyri1-2 (2e-)
? 5.6.2 Pyridinic-N???? N-ACGNR? 4e− ??? 2e− ??????????
????????? (U=0 V?????? ORR???????????? (UMax)?
ORR ????? (Ueq) ???????????????) (a) pyri1-1’ and (b)
pyri1-2
N-ACGNR ?????????????? (site 1) ?????????????
pyridinic-N???????????pyridinic-N???? ORR???????????
??? 5.6.2??pyridinic-N??? (pyri1-1’ ??? pyri1-2) ? N-ACGNR? 4e− ??
? 2e− ???????????????????????Pyridinic-N????? OOH
???????????????4e−?2e− ????? O2 ?? OOH∗ ????????
??????????pyridinic-N???? ORR?????????????
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(a)
E
n
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rg
y
 (
e
V
)
(b)
E
n
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rg
y
 (
e
V
)
? 5.6.3 N-ACGNRs (N: site 1) (a) H-terminated N?(b) pyridinic-N ????
??????? (??????? 0 eV)
? 5.6.3(a), ? 5.6.3(b) ??????N-ACGNR (N: site 1) ? H-terminated N?
pyridinic-N??????????????????????????????????
??? N-ACGNR ?? pi*???????????????????????????
?????????????????????pyridinic-N ????? pyridinic-N ??
????????????????????????????????????????
?????????????????????????? N-ACGNR? ORR????
???????H-rich??????????????????????
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5.7 ???
?????????????? 2 ??? N-GNR ? ORR ???????????
??N-ZZGNR ???????????????????????? UMax ?????
???????????????????????? N-ZZGNR ?? UMax ????
???????????????????? N-ZZGNR?? UMax ?????????
??N-ACGNR??????????????? UMax ?????????N-ZZGNR?
N-ACGNR????????????????????????? 4e− ???????
????????4e− ????????????? N-ACGNR ???sp2 ?? sp3-like
???????????????????????????? pi*??????????
??????????????N-ZZGNR?????????????????????
?????N-ACGNR?? sp2 ?? sp3-like???????????????????
????????????? 4e− ????????????????????????
???????? 4e− ?????????????? N-GNC ??????N-GNR ?
?????????????????? 4e− ???????????????
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?6? N-doped graphene??????
ORR
?????????????????? N-GNR? ORR?????????????
????????????????????????????????????????
?? ORR?????????????????????N-GNR??????? UMax
? 4e− ???????????????N-GNR ?????? ORR ????????
????????????????????????????????????????
??????????????????????graphene?????????????
???????????????????????? N-doped graphene???????
??? N-GNC?????????????N-GNC????????????????
????????????????????????????????????????
ORR??????????????? ORR??????????????
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6.1 N-doped graphene sheet (N-GS)
???????????????? N-doped graphene sheet (N-GS) ? ORR???
??????????
6.1.1 ??????????
? 6.1.1 N-GS?????? (??: ?????: ??????: ??????) ??
???????????????
????????????? graphene ????????????????????
?????????? N-GS ?????????? 6.1.1 ? N-GS ????????
?????? DFT ??? Vienna ab initio simulation package (VASP) [99, 100] ??
??????????????? projector-augmented wave (PAW) [101, 102]???
?????? Perdew, Burke, and Ernzerhof (PBE) [103] ??? generalized gradient
approximation (GGA)??????????????????cutoff energy? 600 eV?
k-point?????????????????? 2??? (2 × 2 × 1) ????????
????????????????? <1.0× 10−2 eV/A˚?????????? (????
? OOH, O, OH?????) ????????????????????
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6.1.2 ?????????????
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(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.40 V
Ueq = 0.68 VFr
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e
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(eV
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Reaction step
(b)
2e-
? 6.1.2 N-GS? ORR?????????????? (U=0 V?????? ORR
???????????? (UMax)?ORR????? (Ueq) ???????????
????) (a) 4e− ?? (b) 2e− ??
? 6.1.2?N-GS?ORR?????????????????????4e−?2e−??
??? U=0 V?????????????????????∆G??????????
??????????????????????????O2→OOH∗? UMax?????
????? 0.4 V?????????4e− ??? UMax ????? (0.51 V) [106]???
??????? (???????????????????????? 16? N????
?????)?4e− ??? 2e− ??? UMax ????????????????????
????????N-GNR???????????????N-GS? N-GNR?????
????????????????N-GNC????? UMax ? 4e− ?????????
???????????????N-GNC?? OH∗→H2O (4e−) ??? OOH∗→H2O2
(2e−) ? UMax ???????????N-GS???????????????????
?? N-GNC??? ORR??? N-GS??????????????????? UMax
??????????????????????????????N-GNC??????
????????????????N-GS??????????
59
6.2 N-GNC?????? ORR
?????GNC????????????? Nin-GNC???? ORR??????
??????????????????????????????????????ORR
???????????????????????????
6.2.1 ???????????
(a) (b)
(c) (d)
a
b
a
a a
b
b
b
H atom C atom N atom Reaction site
? 6.2.1 Nin-GNC?????? (??: ?????: ?????: ?????: ?????)
??????? GNC ????????????????????????????
?????????????????? ORR ?????????????? 6.2.1 ?
Nin-GNC (C53H18N, C95H24N, C149H30N, C215H36N) ??????????????
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???????????????????? 4?? N-GNC??????????
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0
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UM
ax
(V
 vs
. S
HE
)
Radius (Å)
4e
2e
? 6.2.2 Nin-GNC???? UMax ???????????? (??? 4e− ????
??? 2e− ??? UMax ???????? 4e− ??????? 2e− ??????∆G
?????????? UMax ????????)
? 6.2.2 ?????????4e− ??? 2e− ?????? Nin-GNC ? UMax ???
?????????????????????????????4e− ??? 2e− ???
UMax ????????4e− ??? UMax ???? ORR??????????????
?????2e− ??? UMax ?????N-GNC????? H2O2 ??????????
?????????
??? 1????? N-GS? 4e− ??? UMax ? 0.38 V????Nin-GNC????
???????N-GS? 2e− ?????? UMax ? 0.40 V (4e− ??????) ????
4e− ?????????????Nin-GNC? UMax ????????????????
?????????????????? Nin-GNC ????? N-GS ? UMax ????
??????????????????C215H36N?????????????????
???????????????? UMax ?????????????????????
????UMax ?????????????? ∆G??????????????UMax
??????????????????
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OOH4e−O4e−OH4e−OOH2e−
Radius (Å)
 
?G
 
(eV
)
? 6.2.3 Nin-GNC???? ∆G???????????? (??????????
?? 4e− ?????? OOH, O, OH ??? ∆G???? 2e− ??? OOH ???
∆G???????????? N-GS (6?-2) ????????? ∆G????)
? 6.2.3? Nin-GNC?∆G?????????????????????? 1???
?? N-GS ? ∆G ????????????????????Nin-GNC ? ∆G ???
????????????????????????????????N-GS? ∆G??
Nin-GNC???????
UMax ???????????????? ∆G ???????????? 6.2.4 ??
4e− ??? 2e− ?????????????? ∆G ? (∆Gdiff) ?????????
???????????????? Nin-GNC ?????4e− ??? UMax ?????
(∆Gdiff ??????) ??? OH∗→H2O ?? (? 6.2.4(a) ???????) ????
? 6.2.4 ???????? ∆Gdiff ???????????????????????
????OH∗→H2O???∆Gdiff ?????????????? 14A˚??OH∗→H2O
? O2→OOH∗ ? ∆Gdiff ??????????UMax ???????????????
???????2e− ?????????? Nin-GNC ????? OOH∗→H2O2 ???
∆Gdiff ? UMax ???????∆Gdiff ????????????????? 20A˚ ??
OOH∗→H2O2 ? O2→OOH∗ ???∆Gdiff ??????????UMax ???????
????????????????????? N-GS???????? O2→OOH∗ ??
? UMax ????????????????? Nin-GNC?????????????
???????? ∆Gdiff ??????????????????????????
UMax ??? 6.2.2 ????????UMax ????????????????????
4e− ?????? 13.8A˚???? 1.07 V?2e− ?????? 21.0A˚???? 0.68 V?
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?????????????????????????UMax ??????????
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(eV
)
Radius (Å)
Radius (Å)
 
?G
d
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(eV
)
? 6.2.4 ???????? ∆Gdiff ???????????? (a) 4e− ?? (????
???????????????O2→OOH∗?OOH∗→O∗?O∗→OH∗?OH∗→H2O
???∆Gdiff ????????????∆Gdiff ????????) (b) 2e− ?? (?
?????????? O2→OOH∗?OOH∗→H2O2 ??? ∆Gdiff ????????
???? ∆Gdiff ????????)
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???????? ∆Gdiff ??????????????????? UMax ????
????????????????????????????????????????
???????????????????????????????????????
??????????????? UMax ????????? ∆G????????UMax
??????????????????????????? UMax ?????????
????????? Nin-GNC????? N-GS? UMax ? ∆G???????????
??? 20A˚????????????????4e− ??? 2e− ??? UMax ?????
??4e− ????????????????? N-GS???????????ORR??
?????? 4e− ????????????? 2?????????????4e− ??
? UMax ????2e− ??? UMax ?????????? Nin-GNC????
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6.2.2 ????????
???????????????????????????? ORR????????
????????????????????????????????????????
???????? (Transition state: TS) ????????????????????
TS?????????????????????
??????????
???????? TS?????????????????????????????
????TS ??????????????????????????????????
ORR?????????? A??????? B??????????? H+ ????
????????????????????????????????????????
?????? (?????????) ? OH??????????????????? A
??????? B??????? OH∗ ? O∗ ???????????????????
???????
? 6.2.5 ??????? TS?????????: OOH∗→O∗ + H2O (??: ???
??: ?????: ?????: ??)
? 6.2.5 ??Nin-GNC ? ORR ??????????? TS ?????????
(OOH∗→O∗ + H2O) ????OH∗+ ????? A ??? O∗+ ????? B ???
??????????????????????Quadratic synchronous transit (QST)
? [90]???? TS????????????????? 4?? N-GNC??????
????
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? 6.2.6 4e− ?????????????????????? (????????
??????????????? O2→O∗2?O∗2→OOH∗?OOH∗→O∗?O∗→OH∗?
OH∗→H2O??? Ea ????)
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?E
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(eV
)
Radius (Å)
O2?O2* O2*?OOH* OOH*?H2O2*
? 6.2.7 2e− ?????????????????????? (?????????
?????? O2→O∗2?O∗2→OOH∗?OOH∗→H2O2 ??? Ea ????)
C53H18N?C95H24N?C149H30N ???????????? TS ?????????
?????? (Ea) ?????? 6.2.6?? 6.2.7??????? Nin-GNC???? 4e−
??? 2e− ??? Ea ?????????????????O2(gas) → O∗2 ??? Ea ?
?????O2(gas) → O∗2 ??? ORR??????????????????????
??????????O2(gas) → O∗2 ??? Ea ?????1.9 eV ?????????
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????????O2(gas) → O∗2 ???????C53H18N?? OOH∗ → O∗?C95H24N
? C149H30N ???O∗2 → OOH∗ ??? Ea ??????????????????
??????OOH∗→O∗ ??? Ea ???????????O2∗→OOH∗ ?????
O∗→OH∗???Ea??C53H18N??C95H24N????????C149H30N?????
??OH∗→H2O??????????????????? Ea????????????
??????? Ea ?????????????????????????O2(gas) → O∗2
???????????????????????Ea ??????????
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6.2.3 ????
TS??????? Ea ????????????????????????????
????????????????????? Nin-GNC???? Ea ????????
??????? O2(gas) → O∗2 ??????? 6.2.1??? N-GNC? O2(gas) → O∗2 ?
?????????? 1 ?????????????Ea ?????????????
??????????????????????????????
? 6.2.1 O2(gas) → O∗2 ???????
N-GNC ???? Ea [eV] i/Nsite [A/cm2]
C53H18N O2(gas) → O∗2 1.77 6.60× 10−41
C95H24N O2(gas) → O∗2 1.89 5.40× 10−43
C149H30N O2(gas) → O∗2 1.90 3.78× 10−43
O2(gas) → O∗2 ????????? Ea ????????????????????
6.2.2 ??? N-GNC ? O2(gas) → O∗2 ??????????????????????
C53H18N ???????????????????????????????? Ea ?
????????????????
? 6.2.2 O2(gas) → O∗2 ???????????????
N-GNC ???? Ea [eV] i/Nsite [A/cm2]
C53H18N OOH
∗ → O∗ 0.86 1.37× 10−24
C95H24N O
∗
2 → OOH∗ 0.75 9.73× 10−23
C149H30N O
∗
2 → OOH∗ 0.62 1.20× 10−20
??????????????? (i× UMax) ??????????????????
?????????????????????????????? O2(gas) → O∗2 ? Ea
?????????????????C53H18N????????? 2??????? 2
??????????UMax ??????????????? C53H18N???????
??????????O2(gas) → O∗2 ???????3? Nin-GNC??????????
?????? C149H30N ?????????????????? C215H36N ?????
??????????????????????O2(gas) → O∗2 ?????????? Ea
????????????????????????????????????????
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?????UMax ????????????????????????????????
??????????
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6.3 ???
???????????????? GNC?????ORR????????????
??????????????????????????????????????∆G
??????UMax ?????????????????????? Nin-GNC????
? N-GS?????∆G? Nin-GNC???????UMax ?????????????
?∆G????????????????????????? UMax ?????????
?????????????????????????∆G??????UMax ????
?????? ∆G????? 13.8A˚??UMax ??? (1.07 V) ???????????
????? UMax ?????????????????? Nin-GNC????? N-GS?
????∆G??? UMax ????????????∆G????????UMax ???
???????????????????????????? UMax ?????????
???????????????????????????4e− ?????? 13.8A˚??
?? 1.07 V?2e− ?????? 21.0A˚???? 0.68 V???????????????
?? 4e− ????????????? 2???????4e− ??? UMax ????2e− ?
?? UMax ?????????? Nin-GNC????4e− ??? 2e− ????UMax ??
??????????????????4e− ??? UMax ????????? C215H36N
(?? 13.6A˚?UMax = 1.05V) ???? Nin-GNC????????????
?????????????????????????????????? ORR??
????????? Ea ????????????????? TS ???????Ea ?
????Ea ???????????O2(gas) → O∗2 ?????????????????
??? Ea ????????????????????????????? Ea ????
?????????O2(gas) → O∗2 ? Ea ?????????????????????
????????????? 1???? 10−41 10−43A/cm2 ????????????
??????????????????????????????? UMax ??????
C215H36N ???? Nin-GNC ??????????O2(gas) → O∗2 ?????????
??????????????Ea ????????????????????????
???????????????????????Ea ???????????????
??????????????????????????????UMax ???????
???????????????????????????????????
? 4?????????????????? N-graphene?? ORR????????
??????????????????????????? GNC ?????????
??? Nin-GNC ? ORR ??????????????????????? 13.8A˚ ?
UMax ??? (1.07 V) ?????????????????????????????
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????????? ORR????????????????????????????
?????????? ORR???????????????????
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?7? ???????????????
ORR
???????????????????????????????? N-doped
graphene???????????????????????????????????
????????????????????????????????????????
?????
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7.1 ???????? (Fe phthalocyanine: FePc)
???????? (Fe phthalocyanine: FePc) ? FeN4 ???????? CN ???
???????FeN4 ?????? graphene??? ORR?????????????
????????????????? [107,108]?FePc??????? ORR?????
????????????? [109–112]?Pc ???????????????????
?????????? [113–118]?????????????????????Rh? Ir
????????????????? ORR???????????????? [119]?
????????????? FePc?????????????????? (????
???????) ?????????????ORR????????????????
??FePc???????????????????????????????????
? (Fe azaphthalocyanine: FeAzPc) ??????????FePc????? ORR??
????????????? [???? 3]?????????? 4?? FeAzPc-4N (??
???)? 8?? FeAzPc-4N (?????) ?????????FeAzPc-4N?????
ORR????????????????FePc?FeAzPc??????????????
????????? 4?????????? 4e− ?????????????????
????
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7.2 ??????????
(a) (b) (c)
H C N Fe
? 7.2.1 FePc ??? FeAzPc ?????? (??: ?????: ?????: ???
??: ?) (a) FePc?(b) FeAzPc-4N?(c) FeAzPc-8N
? 7.2.1??FePc??? FeAzPc????????????? 3????? ORR?
??????????????????????ORR??????? O2 ??????
????????????????????????? (OOH, O, OH) ??????
????????????????????????ORR?????????????
(∆G) ????????? DFT??? Gaussian09 [93]??????????????
B3LYP [94, 95]??????????? 3d??????? cc-pVTZ [120]??????
?? 6-31g (d, p) [96] ????????????????????????? < 0.0003
Ha/bohr?????
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7.3 O2 ????
H C N O Fe
? 7.3.1 FePc???? O2 ???? (??: ?????: ?????: ?????: ?
????: ?)
ORR??????? O2 ?????????????FePc?? O2 ????????
???????????????????????????? 7.3.1 ??FePc ? O2 ?
???????????????O2 ???????? oneleg????????????
(∆Ead = E(O
∗
2)−E(∗)−E(O2))? 0.31 eV?????????E(O∗2)?E(O∗2)?E(O2)
?????? O2 ??????? FePc?FePc?O2 ?????????????FePc?
??? FeAzPc-4N? FeAzPc-8N?? O2 ???????? oneleg?????∆Ead ?
???? 0.49 eV?0.39 eV?????????∆Ead ? FePc<FeAzPc-8N<FeAzPc-4N
????O2 ??????????? FePc?????
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7.4 ORR???????
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? 7.4.1 FePc?????????????? (U=0 V?????? ORR????
???????? (UMax)?ORR????? (Ueq) ???????????????)
(a) 4e− ?? (b) 2e− ??
? 7.4.1 ? FePc ? ORR ?????????????????????4e− ???
U=0 V????????????????????? ∆G?????????????
??????????????????UMax ? 0.20 V????????2e− ?????
U=0 V????????????OOH∗→H2O2 ?????? ∆G?????????
????UMax=-0.65 V???????????OOH∗ ????????H2O2 ????
??????4e− ???????????????????????
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? 7.4.2 FeAzPc-4N?????????????? (U=0 V?????? ORR?
??????????? (UMax)?ORR????? (Ueq) ????????????
???) (a) 4e− ?? (b) 2e− ??
FePc?????1???????? 1?????????????? (? 4?) FeAzPc-
4N ? ORR ?????????????? 7.4.2 ? FeAzPc-4N ? ORR ??????
???????????????4e− ??? 2e− ??? UMax ?????? 0.38 V ?
??-0.41 V?????FePc???? 4e− ????????????????????
???FePc???????????? ∆G????????????????????
???UMax ?????? OH∗→H2O? ∆G????????4e− ??? UMax ???
????????????4e− ??? UMax ??FePc<FeAzPc-4N?????????
??????????
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2e-
? 7.4.3 FeAzPc-8N?????????????? (U=0 V?????? ORR?
??????????? (UMax)?ORR????? (Ueq) ????????????
???) (a) 4e− ?? (b) 2e− ??
FePc ?????1 ???????? 2 ?????????????? (? 8 ?) ??
FeAzPc-8N? ORR?????????????? 7.4.3? FeAzPc-8N? ORR???
??????????????????4e−??? 2e−??? UMax?????? 0.23 V
???-0.53 V?????FePc??? FeAzPc-8N???? 4e− ??????????
????????????????FePc?????∆G????????????UMax
???????????????FeAzPc-4N ???????UMax ????4e− ???
UMax ??FePc<FeAzPc-8N<FeAzPc-4N????????????????????
FePc????????????????????????????????????
????????????????FeAzPc???? ORR?????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
ORR????????????????
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7.5 ???
? 4 ???? 6 ????????? N-doped graphene ????????????
?????????????????????????????????? ORR ??
???????????????????????????????????????
????????????????????????FeN4 ???????? FePc ?
????????????????? FeAzPc ??4e− ???????? ORR ??
??????????????????????????? [???? 3]??????
?? 4 ?????? FeAzPc-4N ??? ORR ??????????????????
????????????????????????????FePc ??? FeAzPc ?
UMax ?????? FeAzPc-4N????? UMax ???????? 2e− ??? UMax ?
???????4e− ??????????????????????????????
???????????????????????????????????????
??????FePc ??????????????????????FeAzPcUMax ??
???????????????????????????????UMax ?????
? FePc<FeAzPc-8N<FeAzPc-4N??????4e− ??? ORR??????????
?????????????????????????Rh? Ir???????????
?????? ORR????????????????? [119]???? Fe??????
????????????????? ORR????????????????????
????????????????????????????FePc?????????
????????????????????????????????????????
??????????????? ORR??????????????????????
????????????????????????????????????????
???????????????????????? ORR??????FeAzPc???
?????????????????????????????????? N-GNC ?
FeAzPc???????????????????????????? ORR?????
????????????????????????????????????????
??????????????????????????????
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?8? ????????
8.1 ??
????????????????????????????N-doped graphene ?
ORR??????????????????????? N-doped graphene? ORR?
??????????????????????? N-GNC???? ORR??????
?????????????? ORR???????????????????????
?? N-GNC?????????????????? 4e− ?????????????
????????????????????????????????????????
??4e− ????????????????????????????????????
??????? N-GNC?????????????????????????????
???????????????????????????????????????
????????? N-GNR? ORR?????????????N-GNC??????
N-GNR??????????????????? 4e− ???????????????
???????????????????????????N-GNC?????? 4e− ?
????????????????????????????????????????
? 2?????????????????????????????????????
??????????? GNC?????ORR?????????????????
????????????????????????????????? ∆G ????
???????????????????????????????? ∆G ?????
???????????UMax ??????????????????∆G??????
??UMax ??????????????????????????????? UMax ?
???????????????????????????????????????
??????? N-GS ?????∆G ??? UMax ????????????????
4e− ?????? 13.8A˚???? 1.07 V?2e− ?????? 21.0A˚???? 0.68 V?
???????????4e− ??? UMax ????????? C215H36N (?? 13.6A˚?
UMax = 1.05V) ???? N-GNC????????????
???????????TS??????????????? (Ea)?????????
Ea ????????????O2(gas) → O∗2 ???????????O2(gas) → O∗2 ? Ea
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????????????????????????????? 1??????????
10−41 10−43A/cm2 ????????????????????? O2(gas) → O∗2 ???
??????????????????????????????????O2(gas) → O∗2
????????????????????????????????????????
N-doped graphene?? ORR??????????????????????????
?????????? ORR???????????????????
????????????????????????? ORR???????????
????????????????????????????????????????
??????????????FeN4 ???????? FePc????????????
?????? FeAzPc??ORR?????????????????????????
???????????????? 4?????? FeAzPc-4N??? ORR?????
?????????????????????????????? FePc??? FeAzPc
? UMax ?????? FeAzPc-4N????? UMax ???????? 2e− ??? UMax
?????????????????? 4e− ???????????????????
????????????????????????????????????????
???? ORR??????FeAzPc???????????????????????
???????
???????????????????????? ORR????????????
???????????????????? (????????????) ??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? ORR ?
?????????????????????????????????ORR????
???????????????????????????????????????
???N-GNC? FeAzPc????????????????????????????
??? ORR ?????????????????????????????????
???
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8.2 ????????
8.2.1 ??????????
?????????????ORR????? N-GNC??????????graphene
???????????????????????????????????????
?????????????????????? N-GNC ?????????????
N-graphene?????????????????
?????????? N-graphene? ORR???????????????????
???????????????????????????????graphitic ?? C–N
???????N-garphene ????????????????????????? 3 ?
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????Graphitic-N????? pyridinic-N???????? pyridinic-N????
? pyrrolic-N???N-graphene?? C–N????????????????????
???? C–N ??????????????????????????N-graphene ?
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? N-graphene?????????
???????????????????? N-graphene??????????????
????????????????????ORR?????????????????
???????????
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8.2.2 ??????????
FePc????????????????????????????????????
????????????????FeAzPc ???? ORR ????????????
????????????????????????????????????????
(UMax ?????? FePc<FeAzPc-8N<FeAzPc-4N) ???????????????
???????????FePc???????????????????????????
????????????????????????????????????? ORR
????????????????????????????????????????
???????????????????????????ORR??????????
?????????????????????????
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??A ??????
???????????????????????????????????????
?????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
?????? V (r)?????????????????????[
− h¯
2
2m
∇2 + V (r)
]
Ψ(r) = EΨ(r) (A.0.1)
????????h¯ = h/2pi?h?????????m???????V (r)??????
????E ??????????Ψ(r)????????????? (A.0.1) ?????
???????? V ????????????????????
????
???????????????????????????????????????
??????????????H??
H =
∑
i
p2i
2m
+
1
2
∑
i ̸=j
e2
|ri − rj |−
∑
i,n
Zne
2
|ri −Rn|+
∑
n
P 2n
2Mn
+
1
2
∑
n ̸=m
ZnZme
2
|Rn −Rm| (A.0.2)
??????????−e(< 0)???????ri ? i????????????????
pi ??
pi = −ih¯∇i (A.0.3)
??????????Rn?Zn ???Mn ? n??????????????????
?????????? Pn ??
Pn = −ih¯∇n (A.0.4)
84
???????? (A.0.2) ????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
(A.0.2) ???????????????????? ε???????????????
???
HΦ = εΦ (A.0.5)
??????????????????
Φ(r1, · · · ;R1, · · ·) = Ψ(r1, · · · ;R1, · · ·)φ(R1, · · ·) (A.0.6)
????????????????Ψ?? (A.0.2) ?????????????????
Hel = − h¯
2
2m
∑
i
∇2i +
e2
2
∑
i̸=j
1
|ri − rj | − e
2
∑
i,n
Zn
|ri −Rn| (A.0.7)
???????
HelΨ(r1, · · · ;R1, · · ·) = E(R1, · · ·)Ψ(r1, · · · ;R1, · · ·) (A.0.8)
????????????????????? E ???????????????
(A.0.6) ??????? (A.0.2) ??????????????? (A.0.5) ??????
????? (A.0.8) ?????
HΦ = Ψ
−∑
n
h¯2
2Mn
∇2n + E(R1, · · ·) +
1
2
∑
n ̸=m
ZnZme
2
|Rn −Rm|
φ
−
∑
n
h¯2
2Mn
{2∇nΨ · ∇nφ+ φ∇2nΨ} (A.0.9)
??????? (A.0.2) ???????????? Φ??? (A.0.9) ???? 2???
??????????????????????? φ??−∑
n
h¯2
2Mn
∇2n + E(R1, · · ·) +
1
2
∑
n ̸=m
ZnZme
2
|Rn −Rm|
φ(R1, · · ·) = εφ(R1, · · ·)
(A.0.10)
?????????
? (A.0.9) ???? 2?????????????????????????????
????????????????????????? (A.0.10) ???????? 2?
????????????????????????? 2??? 3??????????
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????????????????????????????????????????
????????????????????????????????????????
??????????????????
Hartree-Fock??
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????? (????)?
Ψ(· · · , ri, · · · , rj , · · ·) = −Ψ(· · · , rj , · · · , ri, · · ·) (A.0.11)
? (A.0.11) ??ri = rj ???? Ψ = 0?????????????????????
????????????????????????????????????????
??????????????????????????????????
Ψ(r1, · · · , rN ) = 1√
N !
∣∣∣∣∣∣∣∣∣
ψ1(r1) ψ1(r2) · · · ψ1(rN )
ψ2(r1) ψ2(r2) · · · ψ2(rN )
...
...
. . .
...
ψN (r1) ψN (r2) · · · ψN (rN )
∣∣∣∣∣∣∣∣∣ (A.0.12)
????????????? Slater ???????????????????????
???????????????????????????????????????
???
− h¯
2
2m
∇2ψi(r) + vext(r)ψi(r) +
e2 N∑
j=1
∫ |ψi(r′)|2
|r − r′| dr
′
Ψi(r)
−
e2 N∑
j=1(//)
∫
ψ ∗j (r′)ψj(r′)
|r − r′| dr
′
Ψj(r) = εiΨi(r) (A.0.13)
??????????????????????????????????? Hartree-
Fock??????? (A.0.13) ???? 4?????????j ????????? (//)
?????i???????? (??) ???????????????????????
???????
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???????
Hartree-Fock????????????????????????????????
????????????????????????????????? ρ(r)????
??????????????????????????????????Hohenberg
? Kohn?????? [121]???Kohn? Sham????????????? [122]?
???
N ?????????????
H =
N∑
i=1
(
− h¯
2
2m
∇2i
)
+
1
2
N∑
i ̸=j
e2
|ri − rj | +
∑
i=1
v(ri) (A.0.14)
??????????????????????
HΨ(r1, · · · , rN ) = EΨ(r1, · · · , rN ) (A.0.15)
????? (A.0.14) ? v(ri)? i???????????????????? (??) ?
????? v(ri)???? N ??????????????????????????
????????? (A.0.15) ???????????????????????
Hohenberg-Kohn??? [121]
Hohenberg-Kohn??????????????? n(r)??????????? Ψ?
????????????????????????????????????????
??????????????? n(r)?????????????
Hohenberg-Kohn???? 2????
• [?? 1]
????????????????? v(r) ?????????? Ψ(r1, · · · , rN )
????? n(r)?????????????
• [?? 2]
?????????? Ev[n(r)]???????? n(r)??????????
[?? 1???]
N ????????????????????????????? n(r)???????
??? n(r)???? 2????? v(r)? v′(r)?????????v(r)??????
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?????H?v′(r)???????????H′ ???
HΨ = EΨ (A.0.16)
H′Ψ′ = E′Ψ′ (A.0.17)
?????????????????? V ??????
E = (Ψ,HΨ) < (Ψ′,HΨ′)
= (Ψ′, (H− V ′ + V )Ψ′)
= E′ +
∫
[v(r)− v′(r)]n(r)dr (A.0.18)
???????
E′ < E +
∫
[v′(r)− v(r)]n(r)dr (A.0.19)
??????? (A.0.18)?? (A.0.19)????????
E + E′ < E + E′ (A.0.20)
???????????????? n(r) ???? v(r) ? v′(r) ??????????
???? n(r)??????? v(r)?????????? Ψ?????????? 1?
??????
??????? v(r)?????????????????????????????
?????????????? Ψ(r1, · · · , rN )? 1?????? n(r)????????
???????????????v(r)? Ψ(r1, · · · , rN )? n(r)???????????
??????????????????????????? n(r)??????????
??????????????????????? E ??
Ev[n(r)] = F [n(r)] +
∫
v(r)n(r)dr (A.0.21)
???????????????????????????????? F [n(r)] ???
v(r)???? n(r)?????????????
F [n(r)] = (Ψ, (T + U)Ψ) (A.0.22)
????T ????????????????U ??????????????????
?????? 2?????????????????????????
[?? 2???]
???? n(r) ??? v(r) ?????????? Ψ ????????? n′(r) ???
v′(r)( ̸= v(r))??????????Ψ′?????????? V???????????
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???? T?????????????????? U ??????
Ev[Ψ
′] = (Ψ′, VΨ′) + (Ψ′, (T + U)Ψ′)
=
∫
v(r)n′(r)dr + F [n′]
> Ev[Ψ] =
∫
v(r)n(r)dr + F [n] (A.0.23)
????????????????? n(r)?????????????? Ev[n(r)]??
??????? 2???????
Kohn-Sham??? [122]
?????????????Hohenberg-Kohn??????
Ev[n(r)] = F [n(r)] +
∫
v(r)n(r)dr
= Ts[n(r)] +
e2
2
∫
n(r)n(r′)
|r − r′| drdr
′ + Exc[n(r)] +
∫
v(r)n(r)dr
(A.0.24)
?????????Ts[n(r)]????????????????????????????
2?? n(r)??????????????????????????????Exc[n(r)]
??????????????
??????
N =
∫
n(r)dr (A.0.25)
?????????? (A.0.24) ????????????????????
δ
δn(r)
[
Ev[n(r)]− µ(
∫
n(r)dr −N)
]
= 0 (A.0.26)
????? (A.0.24) ??????
δTs[n(r)]
δn(r)
+ v(r) + e2
∫
n(r′)
|r − r′|dr
′ +
δExc[n]
δn(r)
− µ = 0 (A.0.27)
??????????µ????????????????δTs[n(r)]/δn(r)?????
????????????????? veff(r)?????????????[
− h¯
2
2m
∇2i + veff(r)
]
ψi(r) = εiψi(r) (A.0.28)
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n(r) =
N∑
i=1
|ψi(r)|2 (A.0.29)
???????????? Ts[n]??
Ts[n] =
N∑
i=1
∫
ψ∗i (r)
(
− h¯
2
2m
∇2i
)
ψi(r)dr
=
N∑
i=1
εi −
∫
veff(r)n(r)dr (A.0.30)
????? (A.0.30) ? n(r)?????????????????? (A.0.28) ????
n(r)→ n(r) + δn(r)
veff(r)→ veff(r) + δveff(r)
ψi(r)→ ψi(r) + δψi(r) (A.0.31)
εi → εi + δεi
??????????? 1?????????????[
− h¯
2
2m
∇2i + veff(r)
]
δψi(r) + δveff(r)ψi(r) = εiδψi(r) + δεiψi(r) (A.0.32)
??????? ψ∗i ??????????
εi
∫
ψ∗i (r)δψi(r)d(r) +
∫
δveff(r)|ψi(r)|2dr
= εi
∫
ψ∗i (r)δψi(r)d(r) + δεi
∫
|ψi(r)|2dr (A.0.33)
??????????? (A.0.33) ???? i???? 1?? N????????
N∑
i=1
δεi =
∫
δveff(r)n(r)dr (A.0.34)
????? (A.0.30) ? n(r)??????????? (A.0.34) ??????
δTs[n]
δn(r)
=
N∑
i=1
δεi
δn(r)
−
∫
δveff(r)
δn(r)
n(r)dr − veff(r)
= −veff(r) (A.0.35)
????????????? veff(r) ?????? (A.0.27) ????????????
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???
veff(r) = v(r) + e
2
∫
n(r′)
|r − r′|dr
′ +
δExc[n]
δn(r)
− µ (A.0.36)
???N ???????????????????????? veff(r)?? (A.0.36) ?
???????????? (? (A.0.28)?? (A.0.29)) ???????????????
???????????????????
[1]????????? nin(r)????????????? veff(r)?????
[2] ???? veff(r) ???? Kohn-Sham ?????????????????? εi
?????????? ψi ?????
[3]???? ψi ?????????? nout(r)?????
[4]nin(r)? nout(r)???????? n(r)??????
????????
???????????????????????????????????????
???????????????????????????? [123]?????????
?????????????????? (????) ????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? (???????) ??????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????
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?????
??????????????????????????????????????
?????????????????????? Slater?????????[124]
Ψ(1, 2, · · · , 2n) = [2n!] 12
∣∣∣∣∣∣∣∣∣
ψ1(1)α(1) ψ1(1)β(1) ψ2(1)α(1) · · · ψn(1)β(1)
ψ1(2)α(2) ψ1(2)β(2) ψ2(2)α(2) · · · ψn(2)β(2)
...
...
ψ1(2n)α(2n) · · · · · · · · · ψn(2n)β(2n)
∣∣∣∣∣∣∣∣∣
(A.0.37)
Slater?????????? n?? 1?????? ψi ?????? χi ???????
?????
ψi =
N∑
i=1
Ciχi (A.0.38)
??? Linear combination of atomic orbitals (LCAO) ??????????????
???????????? ψi ??????????????????????????
?????????????Lagrange?????????????????? {Ci} ?
?????Hartree-Fock????????????????????????????
???????
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??B N-GNR? ORR
? B.0.1?? B.0.9??pyridinic-N ?????? N-GNC????????????
????????????????(? 4???????)
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.66 V
Ueq = 1.23 V
pyri1-a''(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.66 V
Ueq = 0.68 V
pyri1-a''(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
-1
 0
 1
 2
 3
 4
 5
 6
 7
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.38 V
Ueq = 1.23 V
1-a''(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
-1
 0
 1
 2
 3
 4
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -1.042 V
Ueq = 0.68 V
1-a''(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.1 ??? pyridinic 1-a”??? 1-a”? ORR??????????????
??? (U=0 V?????? ORR???????????? (UMax)?ORR???
?? (Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
 7
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.22 V
Ueq = 1.23 V
pyri1-b(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.038 V
Ueq = 0.68 V
pyri1-b(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.21 V
Ueq = 1.23 V
1-b(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.56 V
Ueq = 0.68 V
1-b(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
 7
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.19 V
Ueq = 1.23 V
pyri1'-b(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.19 V
Ueq = 0.68 V
pyri1'-b(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.2 ??? pyridinic 1-b?1-b??? pyridinic 1’-b?ORR????????
????????? (U=0 V?????? ORR???????????? (UMax)?
ORR????? (Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.83 V
Ueq = 1.23 V
1'-b(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.079 V
Ueq = 0.68 V
1'-b(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.66 V
Ueq = 1.23 V
1'-b'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.55 V
Ueq = 0.68 V
1'-b'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.37 V
Ueq = 1.23 V
2-a(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.13 V
Ueq = 0.68 V
2-a(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.3 ??? 1’-b?1’-b’??? 2-a? ORR????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-2
-1
 0
 1
 2
 3
 4
 5
 6
 7
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.37 V
Ueq = 1.23 V
2-a'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
-1
 0
 1
 2
 3
 4
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -1.03 V
Ueq = 0.68 V
2-a'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 1.04 V
Ueq = 1.23 V
2-c(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.28 V
Ueq = 0.68 V
2-c(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
 0
 2
 4
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.17 V
Ueq = 1.23 V
2'-a'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-2
-1
 0
 1
 2
 3
 4
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.88 V
Ueq = 0.68 V
2'-a'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.4 ??? 2-a’?2-c ??? 2’-a’ ? ORR ????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.73 V
Ueq = 1.23 V
2'-c'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.0042 V
Ueq = 0.68 V
2'-c'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.68 V
Ueq = 1.23 V
3-b(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.25 V
Ueq = 0.68 V
3-b(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.69 V
Ueq = 1.23 V
3-c''(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.063 V
Ueq = 0.68 V
3-c''(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.5 ??? 2’-c’?3-b??? 3-c”? ORR????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.85 V
Ueq = 1.23 V
3-d(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.093 V
Ueq = 0.68 V
3-d(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.85 V
Ueq = 1.23 V
3'-b'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.13 V
Ueq = 0.68 V
3'-b'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.81 V
Ueq = 1.23 V
3'-d(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.013 V
Ueq = 0.68 V
3'-d(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.6 ??? 3-d?3’-b’??? 3’-d? ORR????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.59 V
Ueq = 1.23 V
4-c(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.20 V
Ueq = 0.68 V
4-c(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.65 V
Ueq = 1.23 V
4-c'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.095 V
Ueq = 0.68 V
4-c'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.88 V
Ueq = 1.23 V
4-e(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.093 V
Ueq = 0.68 V
4-e(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.7 ??? 4-c?4-c’ ??? 4-e ? ORR ????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.91 V
Ueq = 1.23 V
5-d(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.091 V
Ueq = 0.68 V
5-d(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.70 V
Ueq = 1.23 V
5-e'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.051 V
Ueq = 0.68 V
5-e'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.89 V
Ueq = 1.23 V
5-f(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.15 V
Ueq = 0.68 V
5-f(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.8 ??? 5-d?5-e’ ??? 5-f ? ORR ????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.74 V
Ueq = 1.23 V
6-e(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.031 V
Ueq = 0.68 V
6-e(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.72 V
Ueq = 1.23 V
6-g(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.039 V
Ueq = 0.68 V
6-g(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.79 V
Ueq = 1.23 V
7-g'(4e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.018 V
Ueq = 0.68 V
7-g'(2e-)
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
? B.0.9 ??? 6-e?6-g ??? 7-g’ ? ORR ????????????????
? (U=0 V?????? ORR???????????? (UMax)?ORR?????
(Ueq) ???????????????)
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??C Pristine GNC? ORR
? 4 ?????????? GNC ? ORR ???????????????????
???? ORR???????????????? C.0.1?? C.0.2?????????
???? pristine GNC (C96H24) ???????????? (site 7) ???? 4e− ?
?? 2e− ????????????????????OOH ????????????
(∆GOOH ???) ???ORR? OOH??????????????????????
UMax ?????????????pristine GNC ? ORR ?????????????
??????ORR??????? O2 ??????????? 2.41 eV????N-GNC
??? 1 eV????????????????????????GNC????? O2 ?
ORR????????????????ORR??????????????
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7
? C.0.1 Pristine GNC (C96H24) ?????? (??: ?????: ?????: ?????)
 0
 1
 2
 3
 4
 5
 6
 7
4(H+ + e-) + O2 3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = -0.24 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
 0
 0.5
 1
 1.5
 2
 2.5
 3
2(H+ + e-) + O2 (H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.24 V
Ueq = 0.68 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
(a) (b)
2e-4e-
? C.0.2 C96H24 ?? (site 7) ???? (a) 4e− ????? (b) 2e− ???????
????????? (U=0 V?????? ORR???????????? (UMax)?
ORR????? (Ueq) ???????????????)
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??D Nin-GNC? ORR
? D.0.1?? D.0.4 ??Nin-GNC (C53H18N, C95H24N, C149H30N, C215H36N) ??
????????????????(? 6? 2???????)
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.82 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = -0.006 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-2e-
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.58 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.19 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-2e-
? D.0.1 ??? C53H18N-a??? C53H18N-b? ORR????????????
????? (U=0 V?????? ORR???????????? (UMax)?ORR?
???? (Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.68 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = -0.13 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-2e-
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.79 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH* H2O2
U = 0 V
UMax = 0.018 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-2e-
? D.0.2 ??? C95H24N-a??? C95H24N-b? ORR????????????
????? (U=0 V?????? ORR???????????? (UMax)?ORR?
???? (Ueq) ???????????????)
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-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 1.02 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.14 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-2e-
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 0.97 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.21 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-2e-
? D.0.3 ??? C149H30N-a??? C149H30N-b? ORR???????????
?????? (U=0 V?????? ORR???????????? (UMax)?ORR
????? (Ueq) ???????????????)
106
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 1.05 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.22 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
a-2e-
-1
 0
 1
 2
 3
 4
 5
 6
4(H+ + e-) + O2
3(H+ + e-) + OOH*
H2O + 2(H+ + e-) + O*
H2O + (H+ + e-) + OH*
2H2O
U = 0 V
UMax = 1.03 V
Ueq = 1.23 V
Fr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-4e-
-1
-0.5
 0
 0.5
 1
 1.5
 2
2(H+ + e-) + O2
(H+ + e-) + OOH*
H2O2
U = 0 V
UMax = 0.32 V
Ueq = 0.68 VFr
e
e
 
e
n
e
rg
y 
(eV
)
Reaction step
b-2e-
? D.0.4 ??? C215H36N-a??? C215H36N-b? ORR???????????
?????? (U=0 V?????? ORR???????????? (UMax)?ORR
????? (Ueq) ???????????????)
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??E ∆Gw/o
? E.0.1????????????????????????????? (∆Gw/o) ?
???????????????(? 4???????)
-2
-1
 0
 1
 2
 3
 4
 5
 6
 7
a”
1
b b
1’
b’ a a’
2
c a’
2’
c’ b c”
3
d b’
3’
d c c’
4
e d e’
5
f e
6
g f
7
g’
 
Δ
G
w
/o
Reaction site
Doping site
OOH4e-O4e-OH4e-OOH2e-
 
(eV
)
? E.0.1 ∆Gw/o ??????????????????? (??????????
?? 4e− ?????? OOH, O, OH??? ∆Gw/o???? 2e− ??? OOH??
? ∆Gw/o ???????????????? N ? pyridinic ? N-GNC ? ∆Gw/o
????)
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??F FePc?????? (?????
??)
???????????? 6-311G ??????????FePc ? FeAzPc-4N ???
? O2 ????????????????????????????????????
???????????? B3LYP?????? Fe ???? cc-pVTZ???????
? 6-31G(d, p) ??? 6-311G++(d, p) ????6-31G→6-311G, ???? (++) ??
→??????????????????????????????????????
??????????????????????????O2 ???FePc?FePc (O2 ?
?) ???????????????O2 ?????????????????????
????????????FePc? FeAzPc-4N?????6-31G(d, p)? 6-311G++(d,
p) ???????????????FePc ? FeAzPc-4N ????????????6-
31G→6-311G, ???? (++) ?? → ?????????????????????
??????O2 ?????????????????? UMax ????? 6-31G(d, p)
? 6-311G++(d, p) ????????????? F.0.1 ??ORR ?????????
OOH, O, OH?????????? (∆G)??? UMax????? F.0.2??∆G???
(∆E0, ∆ZPE−T∆S, ∆G0, ∆GW) ????Fe??????????? 6-31G(d,p)?
? 6-311G++(d,p) ???????∆G??????∆G????????4?????
2????? UMax ???????? (? 0.8V) ????????FePc? FeAzPc-4N?
???∆G? UMax??????????????????????FePc? FeAzPc-4N
???? UMax ?????????????6-31G(d,p)??????????????
??????????????????????? 6-311G++(d, p) ????????
?????????????????????????UMax ????????????
??????????????????????????????
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? F.0.1 ??????? ∆G??? UMax
? F.0.2 ???????∆E0, ∆ZPE − T∆S, ∆G0, ∆GW
110
??
?? 4 ????????????? 6 ?????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????1?????? 9????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????????????
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